Ribosomes are responsible for translating the genome, in the form of mRNA, into the proteome in all organisms. Biogenesis of ribosomes in eukaryotes is a complex process involving numerous remodeling events driven in part by the concerted actions of hundreds of protein assembly factors. A major challenge in studying eukaryotic ribosome assembly has, until recently, been a lack of structural data to facilitate understanding of the conformational and compositional changes the pre-ribosome undergoes during its construction. Cryo-electron microscopy (cryo-EM) has begun filling these gaps; recent advances in cryo-EM have enabled the determination of several high resolution pre-ribosome structures. This review focuses mainly on lessons learned from the study of pre-60S particles purified from yeast using the assembly factor Nog2 as bait. These Nog2 particles provide insight into many aspects of nuclear stages of 60S subunit assembly, including construction of major 60S subunit functional centers and processing of the ITS2 spacer RNA.
Introduction
Ribosomes are the macromolecular machines responsible for producing proteins in all organisms. Biosynthesis of ribosomes is a highly complex process requiring the coordinated modification, processing, and folding of ribosomal RNA (rRNA) and binding of ribosomal proteins (r-proteins). [1] [2] [3] [4] [5] [6] [7] Ribosome assembly is facilitated by protein assembly factors (AFs); while prokaryotes have relatively few AFs, eukaryotes rely upon hundreds of these proteins to accurately and efficiently carry out ribosome biosynthesis. Eukaryotic ribosome construction has been most extensively studied in the yeast Saccharomyces cerevisiae, hereafter referred to simply as yeast. Human homologs of most yeast AFs have been identified, suggesting a high level of conservation in ribosome assembly between yeast and humans.
Ribosome assembly in yeast begins in the nucleolus with transcription of the long 35S precursor rRNA (pre-rRNA), which is co-transcriptionally bound by many AFs and rproteins. Through a series of endo-and exonucleolytic processing events, the 35S pre-rRNA is ultimately processed into 3 mature rRNAs (18S, 5.8S, and 25S) ( Fig. 2A) . The pre-5S rRNA is transcribed and processed separately into 5S rRNA. While these pre-rRNA processing events occur, rproteins bind and become stably associated with the nascent ribosomal subunits, AFs enter and exit, carrying out various functions, and the immature subunits transit from the nucleolus to the nucleoplasm and are then exported to the cytoplasm for final maturation (Fig. 1A) .
The mature yeast large, or 60S, subunit, comprised of the 25S, 5.8S, and 5S rRNAs, plus 46 r-proteins, contains several functional centers necessary for translation of mRNA into protein. 8 Two of these are the peptidyl transferase center (PTC), the major catalytic site of the 60S subunit where peptide bond formation occurs, and the polypeptide exit tunnel (PET) through which nascent polypeptides travel to emerge from the translating ribosome.
In 2011, Ben-Shem and colleagues determined the crystal structure of the mature yeast 60S subunit. 9 This gave researchers a first detailed view of rRNA folding and of where r-proteins are bound to the rRNA core in mature 60S subunits. However, structural information regarding the binding sites of AFs and the conformational changes that pre-rRNA undergoes during the assembly process remained largely elusive until recent years. Before the advent of new direct electron detectors for cryo electron microscopy (cryo-EM), methods available to study pre-60S subunit structure included rRNA structure probing, 10 yeast 2-and 3-hybrid assays, 11 negative stain electron microscopy, 12, 13 crosslinking of AFs to rRNA, 14 isolation of AF subcomplexes, 15 and reconstitution of AFs with the mature 60S subunit. 16 Each of these approaches has limitations, and none can provide the level of structural detail that has now been attained with cryo-EM.
The first cryo-EM reconstruction of a pre-60S subunit was published in 2012 by Bradatsch and colleagues, who solved the structure of a late nuclear Arx1 particle to 11.9 A resolution. 17 Since then, the structures of Rix1-Rea1, Nog2, and Nmd3 particles have also been solved. [18] [19] [20] It is important to note that these particles are actually non-homogenous mixtures of various pre-60S subunit assembly intermediates to which a given AF is bound. The cryo-EM structures of the Arx1, Rix1-Rea1, Nog2, and Nmd3 particles represent the major state or states present in the mixture of assembly intermediates. The structures of these 4 particles report on overlapping late stages of 60S subunit assembly (Fig. 1A) . These 60S subunit assembly intermediates were the first to be investigated due to their increased stability and decreased complexity compared with earlier particles.
The cryo-EM structures of Nog2 particles are windows into nuclear stages of 60S subunit assembly This review focuses primarily on principles that have emerged from studying the structures of Nog2-bound 60S subunit assembly intermediates. Nog2 is a GTPase AF present in the pre-60S subunit during nuclear stages of assembly. [22] [23] [24] This period of 60S subunit biosynthesis is marked by the entry and exit of numerous AFs as well as several other major structural rearrangements (Fig. 1A) . 22, 23, 25 A series of 3 consecutive 60S subunit assembly intermediates were identified in the pool of Nog2 particles; the cryo-EM structures of these intermediates, termed states 1-3, present a detailed view of many remodeling events that occur during the lifetime of Nog2-bound assembly intermediates. 19 States 1 and 2 were solved to nominal resolutions of 3.08 A and »6.6 A respectively. Mapping of protein binding sites and interactions in the Nog2 particles was guided by chemical crosslinking coupled with mass spectrometry (XL-MS), which, together with the development of new direct electron detectors, 21 contributed to the high resolution at which the structures were solved.
An interesting observation in the state 1 and 2 structures is that the solvent interface, or "back," of the pre-60S subunit is largely devoid of AFs (Fig. 1B,C) . 19 In contrast, the subunit interface is decorated with numerous AFs. This suggests that the subunit interface, containing the PTC, is assembled later than the solvent interface, consistent with previous observations of hierarchical assembly of 60S subunits. 26 In state 1, an arc of 14 AFs that bind to the subunit interface of the pre-60S subunit between the central protuberance (CP) and the PET was identified (Fig. 1B) . A second cluster of 5 AFs binds proximal to the internal transcribed spacer 2 (ITS2), the pre-rRNA sequence that separates the mature 5.8S and 25S rRNAs ( Fig. 1B and 2A ). Furthermore, in state 2, which is highly similar to the previously determined Rix1-Rea1 structure, 18 the binding sites of Sda1, Rea1, and the Rix1 subcomplex were identified (Fig. 1C) .
These AF binding sites provide insight into construction of 60S subunit functional centers, namely the PET and PTC, as well as ITS2 cleavage and removal, all of which are major remodeling events that occur during the lifetime of Nog2 particles. Knowing at high resolution where these AFs are located on the pre-60S subunit not only facilitates the formation of new hypotheses and models, some of which are discussed here, but it also validates and clarifies previous results.
Insights into the importance of Nog2 in 27SB prerRNA processing and PTC construction
The GTPase AF Nog2 has previously been established as a key protein in 27SB pre-rRNA processing, 22, 27 which is initiated by cleavage of ITS2 at the C 2 site (Fig. 2A) . Nog2 is recruited to the pre-60S subunit only once 2 parallel assembly pathways converge and all of the other AFs required for 27SB pre-rRNA processing ("B-factors") have bound (Fig. 2B) . 27 These B-factors are AFs that, when depleted or mutated, prevent C 2 cleavage and further ITS2 processing. Entry of Nog2 into the pre-60S subunit is one of the last remodeling events preceding C 2 cleavage. The cryo-EM structures of Nog2 particles showed that Nog2 acts as a hub protein centered at the PTC; it interacts directly with the nearby B-factors Rpf2, Nog1, and Nsa2 as well as the later-acting AFs Rsa4 and Bud20 and numerous rRNA helices in 25S rRNA domains II, IV, and V. Nog2 may also interact with the B-factor Dbp10, as crosslinking data suggest that Dbp10 also binds near the PTC. 28 These structural data explain the previous observation of hierarchical recruitment of B-factors. 27, 29 Tif6, Rlp24, and Nog1 are interdependent for binding to the pre-60S subunit, consistent with the finding that they are tightly clustered in the AF arc (Fig. 1B,C and 2B) . Furthermore, Nog1 was found to bind to Nsa2, providing an explanation for why Nsa2 cannot stably associate with the pre-60S subunit in the absence of Tif6, Rlp24, or Nog1. While Spb4 was not identified in any of the Nog2 particle cryo-EM structures, it may also interact with Nog2, or it might stabilize interactions between Rpf2/Rrs1 and Nog2, which could explain why Nog2 cannot assemble in the absence of Rpf2, Rrs1, or Spb4. Another possibility is that Spb4, which is an RNA helicase, may remodel the pre-60S subunit to allow association of Nog2. A remaining question, however, is how entry of Nog2 into the pre-60S subunit is coordinated with cleavage at the C 2 site.
Like Nog2, Nog1 is a GTPase AF 23, 30 that interacts with many AFs, r-proteins, and rRNA helices; the N-terminal 4-helical-bundle domain and GTPase domain of Nog1 are located near Nog2 and the PTC, while the C-terminus of Nog1 stretches along the entire AF arc (Figs. 1B,C and 3A,C) . 19 The GTPase AF Nug1 is also bound to the PTC near Nog2 and Nog1 (Fig. 3A) . 19, 28 Nsa2, which has no predicted enzymatic activity, also forms numerous contacts with the PTC. 19, 31 It is possible that the extensive interactions of these 3 GTPases and Nsa2 with the PTC are necessary during late nuclear stages of assembly to construct the PTC, to protect it from premature binding with translation factors, or to signal that it has achieved a particular level of maturation. For example, Nog1 and Nsa2 may sense whether the PTC is properly constructed and prevent entry of Nog2 if it is not. Furthermore, the tight association of Nog2 with the PTC suggests that Nog2 could act as a placeholder, with its departure being necessary for further maturation of the PTC. Indeed, the export factor Nmd3 assembles onto the pre-60S subunit following release of Nog2 and exhibits partially overlapping binding sites with Nog2. 20, 24, 32 This indicates that the PTC is constructed in a hierarchical fashion, with inspection by AFs at successive structural checkpoints. Furthermore, it suggests that assembly and inspection of the PTC are coupled to nuclear export of pre-60S subunits. It is also of note that 3 GTPase AFs, YphC, YsxC, and RbgA, participate in PTC construction in Bacillus subtilis, perhaps indicating a conserved requirement for GTPase activity when building or inspecting the PTC. Nog1, Rei1, and Reh1: Sequential PET inspector AFs Intriguingly, the C-terminal »75 amino acids of Nog1 are inserted into the PET in Nog2 particles (Figs. 1B,C and 3B,C) . 19 Similarly, the AFs Rei1 and Reh1 have been shown to probe the PET during later, cytoplasmic stages of 60S subunit assembly. 20, 36 Release of Nog1 from the pre-60S subunit is coupled to entry of Rei1, 37, 38 and Reh1 enters the pre-60S subunit following release of Rei1, 20 suggesting that the PET is probed by an AF for most of the assembly pathway (Fig. 3B) . While it has been proposed that these PET inspector AFs could aid in construction of the PET or check that it has been properly constructed as part of a quality control checkpoint, it remains a mystery why the C-termini of Nog1, Rei1, and Reh1 are present in the PET. Additionally, it is as of yet unclear why there are 3 AFs that sequentially inspect the PET throughout 60S subunit assembly.
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The portions of the C-terminal domains of Nog1, Rei1, and Reh1 that are inserted into the PET have strikingly similar secondary structures. 19, 20, 36 Furthermore, each of these AFs probes the tunnel deeply enough that their inserted C-terminal domains nearly reach through the subunit to the PTC. Of the 3 tunnel inspector AFs, only Nog1 has an N-terminal domain bound at the PTC, although interactions between Rei1 and Sdo1 may facilitate communication between Rei1 and the PTC. 39 The function of the GTPase domain of Nog1 remains unknown, but it is tempting to speculate that Nog1 GTP binding or hydrolysis may serve as a signal that could be propagated through Nog1 along the AF arc or even between the nearby Nand C-termini of Nog1. In this way, Nog1 may be able to coordinate maturation of the PTC and PET, or signal that these major functional centers have been constructed.
Further complicating the potential roles of Nog1 in 60S subunit assembly is the finding that Nog1, like Rei1, interacts with Arx1 at the exit of the PET (Fig. 3B) . While Rei1 is thought to play a role in release of Arx1 in the cytoplasm, it is unclear if the interaction between Arx1 and Nog1 is significant. It also remains to be seen whether interactions between Nog1, Rei1, and Reh1 and the r-proteins lining the PET, including L4 (uL4) and L17 (uL22), are important for 60S subunit assembly (Fig. 3B) .
Insights into coordination of C 2 cleavage and construction of the PTC and PET
A portion of ITS2 itself was resolved for the first time in the Nog2 cryo-EM structures. 19 Counterintuitively, the B-factors required for cleavage of 27SB pre-rRNA at the C 2 site and further ITS2 processing are concentrated in the AF arc, rather than binding to ITS2 (Figs. 1B,C and 2A ). There may be some exceptions to this rule, including the DEAD-box helicases Has1 and Drs1; mutations in these AFs have been shown to block C 2 cleavage, and they are thought to bind on or near ITS2. [40] [41] [42] Nevertheless, there is no simple explanation as to why AFs located at the CP and along the AF arc are necessary for cleavage of ITS2. One emerging theme is that 3 major remodeling events seem to be required for C 2 cleavage to occur: removal of AFs bound proximal to ITS2, stable association of the r-proteins surrounding the PET exit, and binding of several AFs to the nascent PTC. 43 It is unclear in what order these events occur, but it seems likely that there is a complicated checkpoint that ensures proper construction of the PTC and PET before the irreversible steps of C 2 cleavage and ITS2 removal.
It is possible that Nog1 is important to facilitate communication across the pre-60S subunit to coordinate these remodeling events. However, Nog1 does not interact directly with Nop7, Nop15, Nop53, Rlp7, or Cic1, the AFs bound to ITS2 in state 1. While it is simple to imagine how remodeling events at the PET and PTC could be linked, an explanation is less forthcoming as to how release of the ITS2 AFs is coordinated with PET and PTC construction. One possibility is that the r-proteins surrounding the PET could provide a link between the tunnel and ITS2. The N-terminal domain of the r-protein L25 (uL23) extends from the ring of r-proteins surrounding the PET to the ITS2 foot region. Interestingly, the tip of this N-terminal tail of L25 is in close proximity to Nop15, Nop53, and Rlp7 and the extension also interacts with Nop7 (Fig. 3C ). Perhaps, then, the N-terminal region of L25 could provide a link between the PET and the ITS2 region.
Another possible explanation that has been put forth is that 25S rRNA domain V could serve as a link between ITS2 and the PTC. 44 The AFs that bind to the nascent PTC are predominantly domain V binding AFs; at the ITS2 foot, Nop53 and, to a lesser extent, Rlp7, interact with H79 in domain V of 25S rRNA (Fig. 3C) . Perhaps removal of AFs from ITS2 could initiate a conformational change via Nop53 or Rlp7 that is transmitted to the PTC along domain V, allowing Nsa2, Nog2, Rsa4, and other PTC binding AFs to associate. The opposite could also be true, with binding of PTC AFs being transmitted along domain V to signal release of ITS2 AFs. A structural observation in support of this notion is that the L1 stalk, a flexible component of domain V, oscillates between inward and outward positions. 19 In the state 1 structure, the L1 stalk is in an outward position, but in the state 2 structure it is in an inward conformation.
Stepwise rotation of the 5S RNP requires entry and exit of several AFs
In 2014, Leidig and colleagues discovered that the 5S ribonucleoprotein (RNP), consisting of 5S rRNA and the r-proteins L5 (uL18) and L11 (uL5), is initially assembled onto the pre-60S subunit such that it is rotated almost 180 from its mature conformation (Fig. 4) . 25 The Nog2 particle cryo-EM structures revealed that rotation of the 5S RNP occurs in a stepwise manner. 19 In state 1 the 5S RNP has not begun rotating, while in state 3 it is in an almost mature conformation. Between state 1 and state 2, the AFs Rpf2 and Rrs1 exit the pre-60S subunit (Fig. 1) . These AFs may anchor the 5S RNP in its immature position, and their removal appears necessary for rotation to occur. However, it is unclear how removal of Rpf2 and Rrs1 is triggered. The state 1 structure revealed that the C-terminus of Rpf2 interacts with Nog2. It remains to be seen if these interactions with a GTPase are significant in the release of Rpf2 and Rrs1 and in 5S RNP rotation.
While the 5S RNP acquires a near-mature conformation in state 2, additional assembly events are required to complete its movement into the mature position. Further rotation of the 5S RNP may require binding of Sda1, Rea1, and the Rea1 adaptor complex composed of Ipi1, Rix1 (Ipi2), and Ipi3. These AFs were identified in state 2 but not in state 1 (Fig. 1B,C) . 19 Therefore, removal of Rpf2 and Rrs1 and initial swiveling of the 5S RNP may be necessary to allow association of Sda1, Rea1, and the Rix1 subcomplex with the pre-60S subunit. Binding of these AFs may stabilize the rotated position into which the 5S RNP moves following removal of Rpf2 and Rrs1. Furthermore, Rea1 is a AAA-ATPase; ATP hydrolysis by Rea1 powers the removal of Rsa4 near the end of nuclear stages of 60S subunit assembly (Fig. 1A) . 13, 18 This removal of Rsa4 is likely necessary to allow the 5S RNP to complete its rotation into the mature position.
Although the Nog2 particle cryo-EM structures provide additional insight into the mechanism of 5S RNP rotation, the question remains why the "head" of the pre-60S subunit would be assembled backward. It has been proposed that rotation of the 5S RNP might function as a wrench, causing the surrounding 25S rRNA helices to move toward their mature conformation. 25 Intriguingly, recent cryo-EM structures of Escherichia coli large ribosomal subunit assembly intermediates revealed that 5S rRNA also occupies a nonnative, rotated conformation in bacterial pre-50S subunits compared with mature 50S subunits. 45 In E. coli, this immature orientation seems to be either highly transient or nonobligatory. Nevertheless, this conservation of 5S rRNA rotation from bacteria to eukaryotes suggests that there may be a common quality control checkpoint in large subunit assembly wherein rotation cannot occur until other assembly events have taken place. Perhaps in eukaryotes rotation of the 5S RNP serves as an assembly checkpoint before nuclear export; this could explain why 5S RNP maturation seems to be more highly regulated in eukaryotes than in prokaryotes.
Concluding remarks
In the few years since the first cryo-EM structure of a pre-60S subunit was determined, the availability of such rich structural data has revolutionized the study of ribosome assembly. Not only have these structures provided support and credibility to many previously proposed models, they are driving the formation of almost endless new hypotheses. As more cryo-EM structures become available, 2 themes seem to hold true. Seeing truly is believing, and yet these increasingly detailed structures also show how much about ribosome assembly remains a mystery. In the future, it seems likely that cryo-EM efforts will be aimed toward determining the structures of progressively earlier pre-60S subunits, as the currently available structures are all of late assembly intermediates. While amazing progress has been made, only the tip of the iceberg has been revealed.
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